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Thermal Analysis
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were performed on Shimadzu DSC-60A and DTG-60A thermal analyzers under a nitrogen atmosphere at a heating rate of 10 °C min −1 .
Electrochemical Analysis
Cyclic voltammetry (CV) studies were conducted using an Eco Chemie B.V.
AUTOLAB potentiostat in a typical three-electrode cell with a glassy carbon working electrode, a platinum wire counter electrode, and a silver/silver chloride reference electrode. All electrochemical experiments were carried out under a nitrogen atmosphere at room temperature in dichloromethane and tetrahydrofuran.
Optical Measurement
The films for measurement were prepared by vacuum evaporation. Absorption and PL emission spectra of the target compound were measured using a Shimadzu UV-3150 spectrophotometer and a Shimadzu RF-5301PC spectrophotometer, respectively.
Phosphorescence spectra were measured in dichloromethane using an Edinburgh FPLS 980 fluorescence spectrophotometer at 77 K, cooled by liquid nitrogen, after a delay of 300 μs using a time-correlated single photon counting method with a microsecond pulsed xenon light source for 100 ns−10 s lifetime measurement, the synchronization photomultiplier for signal collection, and the multi-channel scaling mode of the PCS900 fast counter PC plug-in card for data processing. (emission arm) was applied to the raw data after background subtraction, and from these spectrally corrected curves, the quantum yield was calculated using aF900 software wizard. were dissolved in anhydrous diethyl ether (50 mL) and cooled to -78 o C. Then, n-butyllithium (2.5 M in hexane, 14.8 mL, 37 mmol) was added dropwise under stir and further reacted for 16 h. Then, a solution of chlorodiphenylphosphine (7.4 mL, 40.7 mmol) in diethyl ether (10 mL) was added dropwise. The cold bath was removed, and the reaction mixture was stirred for another 16 h. After then, the reaction was quenched with water (50 mL). The mixture was extracted with dichloromethane (3 × 50 mL). The organic layer was combined and dried with anhydrous Na 2 SO 4 . The solvent was removed in vacuo. 
9,9'-(4,6-Bis(diphenylphosphino)dibenzo[b,d]furan-2,8-diyl)bis(3,6-di-tert-butyl-9H-carbazole) (DtBCzDBFDP):
A procedure similar to DCzDBFDP was followed, except for using 2,8-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)dibenzofuran instead of 2,8-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)dibenzofuran, which afforded white powder (7.26 g) with a yield of 90%. 
Evaluation of TADF and PH Proportions
The key transition of reverse intersystem crossing (RISC) for TADF is highly temperature-dependent, rendering the thermalized characteristics of TADF population following a Boltzmann distribution. Furthermore, the ratio of spin statistical probability for singlet and triplet states is 1:3. Accordingly, the TADF and PH proportions in the total emission can be evaluated as One of the distinctive features for the 3 CC-attributed LE emissions is relatively long lifetime with temperature independency, due to their characteristics as the mixed counterion-to-metal charge transfer ( 3 XMCT) and d→s,p metal centered transitions.
In this case, the variation of transient emissions should only involve in ligand-centered transitions, corresponding to HE emissions. For PH, the high temperature worsens the triplet quenching and reduces the lifetime, while the key transition of RISC for TADF is highly temperature-dependent. Since the variation tendencies of TADF and PH lifetimes are basically opposite, and they are in the similar time scales, it is hardly to accurately distinguish the TADF and PH lifetimes from the same curve at one specific temperature, especially for these clusters with more than one different triplet transitions. Instead, since the thermalized characteristics of TADF population follow a Boltzmann distribution, the statistical method can be adopt on the basis of the ratio of spin probability for singlet and triplet [b] 235, 290 [c] 227, 240, 260, 286, 292, 326, 340, 374 [b] 236, 282, 335 [c] 227, 243, 263, 287, 297, 332, 345, 374 [b] 238, 281, 298, 337 [c]  PL
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2.97 [l] 2.64 [i] 2.82 [l] 2.67 [i] 2.79 [l] ΔE ST [m] / eV 0.04 [i] /0.16 [j,l] 0.05 [i] /0.07 [j,l] Device Performance (figs. S13-S14 and table S2) To directly demonstrate the advantages of EL ligand-activated nanoclusters, a binuclear Cu(I) complex [DtBCzPDP] 2 Cu 2 I 2 was designed for comparison, in which a phenylene displaces DBF in DtBCzDBFDP to shorten the P···P distance for chelating a single Cu(I) ion in Cu 2 I 2 unit. The detailed information of its preparation procedure and optoelectronic properties will be presented in a later publication.
[DtBCzPDP] 2 Cu 2 I 2 was used as emitter to fabricate the bilayer solution-processed 
